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Abstract: The present research work shows that secondary aluminium alloys, properly sorted and
prepared for the casting process, can provide almost 100% of the input for the casting process of 6xxx
alloys billets. The 6063 and 6082 alloys were prepared in three variants of chemical composition.
Liquid metal analysis showed low levels of impurities in most of the alloys studied. In the hot-top
cast billets, differences were observed in the phase fraction and average grain size between the edge
and centre of the billet, which was related to a slight increase in the content of elements such as Fe
and Mn.

Keywords: scraps; recycling; 6xxx series alloys

1. Introduction

Rising prices of natural resources, increasing demand, decreasing deposit resources
and environmental protection make the recycling of aluminium and its alloys a very im-
portant topic nowadays [1–5]. Reprocessing of waste and scrap is technologically possible
and profitable. The estimated value of energy consumption needed to process aluminium
and its alloys in the recycling process oscillates at around 5% of the energy needed to
produce primary aluminium [1,2]. Important features of aluminium and its alloys that
adversely affect the process of its production and processing are their high chemical affinity
for oxygen and other gases, their high ability to absorb gaseous pollutants, in particular
hydrogen, and their high ability to dissolve other metals. Owing to the high affinity for
oxygen, the basic, solid impurities in the liquid metal are oxides, mainly Al2O3, and oxides
of other metals included in the alloy [3]. Their removal is difficult due to their significant
dispersion and the small difference in density in relation to the density of the liquid metal.
Harmful hydrogen can be absorbed from the atmosphere and from moist present in the
melted scrap. Its content is also dependent on temperature and alloying elements [2,3].
Refining treatments, with various gases or salts, and metal filtration treatments allow
the removal of the above solid and gaseous inclusions to a significant measurable extent.
The conducted research and world literature show that the most challenging problems in
the production of secondary aluminium alloys are low metal yield caused by oxidation
processes and obtaining the right chemical composition with the smallest possible share of
primary aluminium and alloying elements, which is due to the lack of a comprehensive
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technology for the reduction of undesirable “critical” elements, i.e., Si, Cu, Mg, Ni, Zn,
Mn, Pb, Cr, Fe and V, in the production of the alloy using various types of scrap [2–4].
Despite this, there are industrial solutions that allow the elimination of selected undesirable
elements from the metal bath. Metal remelting is a metallurgical process and is therefore
governed by the laws of thermodynamics as summarised in the diagram by Ellingham [3].
The removal of unwanted elements from the metal bath is dictated by the appropriate final
chemical composition, as well as energy considerations and the final price of the process.
An important technological element is the composition of the charge for melting with iden-
tical technological capabilities along with an individual approach to a given assortment
of scrap and alloy. All recycling operations require the use of established technologies
throughout the production process [3–5].

The aim of the research was to produce high quality aluminium alloy billets with
100% scrap content for laboratory extrusion processing. The castings were characterised in
terms of metal purity using the PREFIL® instrument and prepared for the next stages of
production. The influence of some elements on the quality and parameters of the ingots
in three variants of chemical composition, which could be reduced by using 100% scrap,
was studied.

2. Materials and Methods

Research has been carried out to optimise the process of alloy preparation and casting
of high-quality billets with a diameter that allows them to be used as feed for the extrusion
process on a laboratory scale (billet diameter 4”). The research was carried out on two
traditional alloys from the 6xxx series, i.e., 6063 and 6082 alloys. The alloy billets were
produced in three variants using a very significant amount of scrap and micro-additives.
Only the first variant of the two alloys tested was within the scope of EN 573-3:2019, the
subsequent variants (2 and 3) are minor modifications of these alloys. The modifications
made were related to the use of 100% scrap and the reduction of the negative effects of the
growth of impurities and Fe in the alloys. The analysed variants of alloys with different
chemical compositions are presented in Table 1.

Table 1. Targeted variants of chemical compositions of 6xxx series alloys.

V
Content wt.%

Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti

60
63

1 0.4–0.6 0–0.35 0–0.1 0–0.15 0.5–0.7 0–0.1 0–0.05 0–0.1 0–0.05 0–0.05 0–0.1
2 0.4–0.6 0–0.35 0.1–0.15 0.15–0.2 0.5–0.7 0–0.1 0–0.05 0.1–0.15 0–0.05 0–0.05 0.1–0.15
3 0.4–0.6 0.35–0.45 0.15–0.2 0.2–0.25 0.5–0.7 0–0.1 0–0.05 0.1–0.15 0–0.03 0–0.03 0.1–0.15

60
82

1 0.9–1.1 0–0.5 0–0.1 0.6–0.8 0.8–1 0–0.25 0–0.05 0–0.2 0–0.05 0–0.05 0–0.1
2 0.9–1.1 0–0.5 0.1–0.15 0.6–0.8 0.8–1 0–0.25 0–0.05 0–0.2 0–0.05 0–0.05 0–0.1
3 0.9–1.1 0–0.5 0.15–0.2 0.6–0.8 0.8–1 0–0.25 0–0.05 0–0.2 0–0.05 0–0.05 0.1–0.15

The process of preparing selected alloys was monitored to ensure high-quality molten
metal and hence cast billets. The preparation process of the tested alloys, i.e., melting,
alloying and refining, was optimised. Scraps supplied by Comet Traitements were used
for the preparation of 6063 and 6082 alloys. They consisted of selected, shredded fractions
of different types of aluminium alloy, such as 6063 (profiles) 710 kg, 6082 (profiles) 480 kg,
5xxx (5054.5005 pieces of sheet) 85 kg, 6061 (electric scooter frames—scooters) 45 kg, 5005
(photovoltaic panel structural parts—PVP) 155 kg, AlSi10 (car wheels—RIM) 25 kg. Some
of these scraps were post-production wastes, such as profiles 6063, 6082 and pieces of sheet
5xxx, while others were end-of-life product waste, including PVP, RIM and scooters.

The charge of approximately 240 kg was melted in a resistance crucible furnace. After
melting and reaching a temperature of 740–750 ◦C, 1 kg of cover refining salt was used to
clean the metal bath. After removing the dross, the chemical composition was adjusted
to the assumed requirements and samples were taken to determine the hydrogen content.
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Bubble refining was then carried out using the UR0 200 apparatus. The refining time was
10 min and the argon flow rate was 10 L/min. Prior to casting, a grain refiner in the form
of AlTi5B1 rods was added to the bath and a sample was taken to determine the chemical
composition. After refining, the hydrogen content was determined again.

Casting was carried out on the foundry stand using two hot-top crystallisers with
continuous lubrication and a diameter of 101 mm—(4”). During casting the metal was
filtered through a 30 ppi ceramic filter.

Billets of the 6063 and 6082 alloys tested were produced in three heats. Approxi-
mately 200 kg of molten metal from each variant was cast in two stages—two billets, each
approximately 2 m long. The content of hydrogen dissolved in liquid aluminium alloys
was determined using the ALSCAN™. After selecting and optimising the technological
parameters, the test billets were cast with the parameters shown in Table 2.

Table 2. Parameters for casting 4” billets from 6063 and 6082 alloys.

Alloy 6063 6082

Mark of the melt 316, 317, 319 336, 338, 340

Metal temperature in the furnace [◦C] 740
(735–745)

740
(735–745)

Metal temperature in the manifold [◦C] 690
(675–695)

690
(675–695)

Casting speed [mm/min] 180 180

Cooling water amount [L/min] 100
(95–105)

100
(95–105)

The alloys tested prior to the 4” billet-casting process were characterised for chemical
composition and hydrogen content. In addition, 6063 and 6082 alloys were tested with the
Prefil Footprinter® before and after refining. The cast billets were then characterised for
macrostructure and defects in the form of cracks or porosity. The chemical composition of
the material was determined by optical spectrometry using an ARL4460 Optical Emission
Spectrometer. LECO apparatus was used to test hydrogen levels in cast billets to compare
results with the ALSCAN™ instrument. The tests were carried out on the metal before and
after the refining treatment. A PREFIL® instrument was used to test impurities and filters
before and after refining. During these tests, the system continuously weighs the metal
in the balance and displays a curve of accumulated weight versus time. The cleaner the
metal samples, the faster the curve rises. The metal residue above the filter was prepared
for metallographic analysis. The content of inclusions concentrated on the surface of the
test filter is then quantified using image analysis software. The quantitative analysis of
the inclusions was carried out on LM (Ziess Axio Observer) images with a total area of
0.6 mm2 for each sample. This is then normalised by both the nominal chord length and
the mass of filtered metal to give the familiar units of mm2/kg. Inclusions are arbitrarily
classified by class and content (in mm2/kg) (Table 3) [6].

Table 3. Inclusion classifications [6].

Class Inclusion Content, mm2/kg

Very Light (1) 0.0–0.05
Light (2) 0.05–0.1

Moderate (3) 0.1–0.4
Heavy (4) 0.4–1.2

Excessive (5) ≥1.2

Sample fragments for testing were taken from the middle of the length of the cast
billets. The macrostructure was revealed in Tucker’s reagent. The samples from the cross
section (edge and centre) of the billets were observed on LM.
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3. Results and Discussion

By optimising the process of preparing the tested alloys with different concentrations
of selected alloying elements and by developing the casting parameters, it was possible
to produce high-quality billets with a diameter of 101 mm intended for the process of
homogenisation and extrusion on a laboratory scale. Billets cast from the three variants
of the 6063 and 6082 alloys tested were free from defects in the form of cracks and had a
smooth outer surface (Figure 1).
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Figure 1. The cast billets together with an exemplary outer surface of tree-tested variants of alloys (a)
6063 and (b) 6082.

The prepared alloys had the assumed chemical compositions (Table 1) which were
taken during the preparation of alloys and on cast billets. Tables 4 and 5 show the chemical
compositions obtained after the casting process for 6063 and 6082 alloys in three variants
with modifications.

Table 4. Results of the chemical composition of cast billets of 6063 alloy with modifications [wt.%].
Modifications to the 6063 alloy are shown in bold.

V Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti B

1 0.539 0.217 0.026 0.090 0.514 0.022 0.0071 0.060 0.0022 0.0010 0.0400 0.0032
2 0.507 0.227 0.120 0.167 0.512 0.025 0.0075 0.117 0.0024 0.0013 0.1490 0.0033
3 0.509 0.398 0.173 0.200 0.524 0.025 0.0080 0.122 0.0038 0.0025 0.1440 0.0032

Table 5. Results of the chemical composition of cast billets of 6082 alloy with modifications [wt.%].
Modifications to the 6082 alloy are shown in bold.

V Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti B

1 0.939 0.223 0.043 0.626 0.824 0.071 0.0074 0.037 0.0020 0.0012 0.0450 0.0032
2 0.933 0.214 0.105 0.623 0.812 0.068 0.0070 0.036 0.0020 0.0013 0.0440 0.0032
3 0.929 0.232 0.167 0.622 0.911 0.071 0.0090 0.044 0.0022 0.0014 0.1440 0.0031

From the analysis of the obtained results of the content of individual alloying elements
in the alloys produced, it can be concluded that they fall within the targeted range of the
main alloying elements, i.e., Si, Mg, Cu, Mn, Zn, Fe and Ti. The differences in the alloys
are intended to simulate the differences due to the addition of scrap, and the additions
such as Cu, Zn, Mg or Ti were introduced to reduce the effects of the increased content of
impurities and Fe.

Table 6 shows the average hydrogen content in mL/100 g and ppm tested during
casting and in the steady state by sampling before and after refining. Reducing the hydrogen
content reduces the risk associated with the occurrence of gaseous defects [3]. Efforts are
therefore made to keep this level as low as possible. Based on measurements of the
hydrogen content in the tested alloys after the refining treatment, the hydrogen content
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was found to be half the value before the refining process. After the refining process, a level
of 0.2 mL/100 g or 0.18 ppm indicates the absence of gas porosity in casting alloys.

Table 6. Hydrogen content results for the tested alloys.

Variant Refining ppm mL/100 g Variant Refining ppm mL/100 g

6063 6082

1
No 0.262 0.313

1
No 0.275 0.328

Yes 0.163 0.194 Yes 0.162 0.193

2
No 0.268 0.320

2
No 0.281 0.335

Yes 0.124 0.148 Yes 0.143 0.171

3
No 0.265 0.316

3
No 0.201 0.240

Yes 0.156 0.186 Yes 0.126 0.150

During the casting process, a contamination test was carried out using the PREFIL®

apparatus for 6063 and 6082 alloys cast from scrap. Samples were tested before and after the
refining process from three variants for each alloy. Filtration rate curves were determined
and a filter for metallurgical research was collected after solidification of the liquid metal.
The collected samples were observed on LM. The percentage of impurities in the tested
alloys was then measured using image analysis. The results of the tests are shown in
Figure 2.
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Figure 2. Prefil® analysis results for alloys (A) 6063 and (B) 6082.

The following common inclusion types were identified: metallurgical spinels, refrac-
tory particles (reacted and unreacted) and boron treatment additions (Ti,V)B2, in addition
to Al oxide films. A decrease in the total inclusion content (TIC) was observed in the
6063 alloy samples after refinement compared to the samples before refinement (initial).
The lowest TIC value, 0.113 mm2/kg, was found for sample W1R, which corresponds
to Class 3. The results of the metallographic analysis of the inclusions above the filter in
the samples of 6063 alloy tested with the Prefil apparatus show that the largest part of
the fraction was (Ti,V)B2. In the samples of 6082 alloy after refining, a decrease in TIC
was found compared to the samples before refining (initial). A twofold decrease was
found in the case of the Metallurgical Spinel fraction and almost a threefold decrease in
the case of Refractory Reacted, while Refractory Unreacted remained at a constant level
of 0.03 ÷ 0.04 mm2/kg. The lowest TIC value, which was 0.078 mm2/kg, was found for
sample W5R, corresponding to Class 2. The remaining samples were classified as Class 3.
Impurities in 6063 and 6082 alloys were not only related to the scrap content. Small changes
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in chemical composition also had a significant effect on impurity levels. In the case of alloy
6063, an increased amount of impurities was observed with a slightly increased Mn content
in each successive variant at a relatively low Si content. The 6082 alloy contains a higher Si
content (about 0.9 wt. %) and the Mn content was kept at the same level for all the alloy
variants. No increase in impurities was observed in this alloy. On the other hand, the alloys
after the refining (degassing) process showed a much lower level of impurities (Case 3).

The level of impurities measured in ingots after refining will not have a significant
impact on the quality of extruded profiles at a later production stage.

Macrostructure studies were carried out on cross sections. Examples of macrostruc-
tures for variant 1 of alloys 6063 and 6082 are shown in Figure 3. The quality control tests
carried out did not reveal any defects in the cast billets. The macrostructure observations
show that all alloys were cast correctly and had a homogeneously fine grain structure. No
impurities, cracks, pores or oxide films were found.
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Figure 3. Macrostructure of billets from 1 variant of (a) 6063 and (b) 6082 series alloys.

Samples were prepared from cut slices of the billet for observation on an LM. Samples
were taken from the edge and centre of the billets. Two main types of metallurgical phase
were observed in the structure of the alloys studied, an ellipsoidal phase visible in black on
the LM, which in the case of the 6xxx series alloys is known [7] as Mg2Si, and an elongated
α-AlFeMnSi phase at the grain boundary visible in grey. Figure 4 shows examples of
microstructures for the third variant of modified 6063 and 6082 alloys taken at the edge
and centre of the ingot. A slightly higher proportion of phases was found at the edge of
the ingots than in the centre. A difference in the distribution of phases in the ingot was
observed in the third variant of the modified 6063 alloy and in all variants of the 6082 alloy.
Differences were also observed in the grain size revealed by the Barker method. In the
same alloy variants as the differences in phase distribution, a finer grain was found at the
edge of the billets (Figure 5a,c) and a slightly larger grain in the central part of the billets
(Figure 5b,d). The grain in all alloys tested was characterised by a quasi-dendritic structure.
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Figure 5. Exemplary grain structure observed with the LM on samples taken from the billets for
3 variants; (a) edge part of modified 6063 alloy, (b) central part of modified 6063 alloy, (c) edge part of
modified 6082 alloy and (d) central part of modified 6063 alloy.

The average grain size (Table 7, Figure 6) was measured using the secant method by
making about 50 measurements. Average grain size in 6063 alloys was between 100 and
150 µm. The largest differences between the edge and the centre of the billet were observed
in third variant, where Fe contamination was higher; the difference was about 30 µm. The
lowest average grain diameter was found in first variant (100 µm). The 6082 alloys were
distinguished by the largest fluctuations of the average grain size between the edge and
the centre of the billets and the mean was about 105 µm at the edge, and in the range from
125 to 183 µm at the centre. Average grain size was the lowest for second variant and the
highest for third variant. The resulting differences in grain size between the edge and the
centre are related to the low segregation of the α-AlFeMnSi phases and thus a different
rate of crystallization in the billets. The heat dissipation was slower at the centre of the
crystalliser in the case of alloy 6082, which resulted in grain growth. This segregation is also
observed in die-casting foundries where scrap consumption is reduced due to unfavourable
Fe growth [8]. The formation of beta phases in the alloys is balanced by the addition of Mn.
During the casting process, Mn migrates to Fe and Si to form a phase that solidifies slightly
later than aluminium and precipitates towards the periphery of the ingot. This results in
an unbalanced chemical composition across the cross section of the billets and hence an
uneven grain size distribution.

Table 7. Average grain size [µm].

6063 1E 1C 2E 2C 3E 3C

Mean [µm] 101.5 100.6 135.2 135.5 115.7 149.1
St. devi. [µm] 41.3 30.3 46.8 50.7 32.9 59.8

6082 1E 1C 2E 2C 3E 3C

Mean [µm] 101.9 157.3 97.1 125.9 114.6 183.1
St. devi. [µm] 19.2 37.1 19.8 30.7 24.6 60.1
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Figure 6. Grain size distributions (1, 2, 3 = variant No., e = edge, c = centre) for tested (a) 6063 and (b)
6082 alloys.

4. Conclusions

The present work was focused on analysing the preparation process of billets for
extrusion from 100% scrap. The amount of material in relation to the content of elements
for each alloy variant was properly estimated to obtain the overall chemical composition.
Particular attention was paid to the purification process, i.e., refining, dross removal and
filter casting. The Prefil® apparatus and metallographic analysis were used to determine
the level of impurities in the alloy before and after refining. Differences were found between
the 6063 and 6082 alloys. The 6063 alloys in variants 2 and 3 contained a greater proportion
of metallurgical spinels, refractory particles (reacted and unreacted) and boron treatment
additions (Ti,V)B2 than the 6082 series alloys in variants 2 and 3. The differences in impurity
levels could be caused by slight changes in chemical composition, e.g., changes in Mn, Fe,
Ti and Zn contents, which may affect the castability of the alloy. Hydrogen content macro-
and microstructural examinations showed no defects in the billets. No porosity, inclusions,
cracks or local grain growth were observed. The only effect of the increased Fe content
(third variant 6063) or the total Fe and Mn to Si ratio (all variants in 6082) may be related to
the slight segregation of the α-AlFeSi phases towards the edges and hence the appearance
of grain size differences between the edge and the centre of the billet.
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